Mixing dielectric materials in solid-thin-film deposition allows the engineering of thin films' optical constants to meet specific thin-film-device requirements, which can be significantly useful for optoelectronics devices and photonics technologies in general. In principle, by use of radio-frequency (rf) magnetron sputtering, it would be possible to mix any two, or more, materials at different molar ratios as long as the mixed materials are not chemically reactive in the mixture. This freedom in material mixing by use of magnetron sputtering has an advantage by providing a wide range of the material optical constants, which eventually enables the photonic-device designer to have the flexibility to achieve optimal device performance. We deposited three combinations from three different oxides by using rf magnetron sputtering and later investigated them for their optical constants. Each two-oxide mixture was done at different molar ratio levels. Moreover, postdeposition annealing was investigated and was shown to reduce the optical losses and to stabilize the film composition against environmental effects such as aging and humidity exposure. These investigations were supported by the fabricated planar waveguides and optical resonant filters.
Introduction
Planar waveguides are basic elements for integrated optics, optical communication devices, and biomedical sensor applications. There are different techniques for thin-film deposition: rf magnetron sputtering, [1] [2] [3] [4] [5] chemical vapor deposition, and solgel technology. Each technology has its advantages and disadvantages with respect to the film quality and the fabrication cost. The concept of material mixing is well known in thin-film technology for providing an intermediate refractive index of the constituent materials or to alter the crystal structure of the film. 6, 7 Engineering the waveguide optical constants (real and imaginary refractive indices) is rather an important aspect in that each application requires that certain specifications be met. The optical properties of the waveguide affect the efficiency and the performance of the integrated optical devices in different aspects. For example, the waveguide imaginary refractive index controls the optical losses and thus limits the size and performance of the thin-film device. The real refractive-index contrast, on the other hand, determines the energy confinement inside the waveguide and therefore the tolerance for the waveguide bends to network the integrated optic devices. Mixing oxides, with different optical properties, can produce a relatively wide range of films' optical constants, which provides the designer the flexibility to meet the requirements for reaching the optimal thin-film-device performance. Engineering the optical constants can also be done by chemical vapor deposition technology, as discussed in Ref. 8 . One major advantage of rf sputtering over chemical vapor deposition is that rf sputtering can provide a wider array of material mixing.
In most applications the optical losses need to be reduced; it is well known that annealing reduces optical losses 2 by oxidizing the nonoxidized sputtered material and homogenizing the deposited thin film by enhancing the diffusion process. So, the effect of annealing on optical losses will be investigated for some of the fabricated waveguides and optical resonant filters as well.
This paper presents results of a new and systematic study of thin-film waveguides fabricated by the mixing of silica, titania, and tantalum pentoxide during rf magnetron sputtering.
Experimental Research and Results
In this paper, rf magnetron sputtering was employed to deposit two-oxide-mixture film on standard BK7 glass substrates (Fig. 1) . Three mixing combinations were realized by use of three targets (titanium, silicon, and tantalum). Introducing oxygen to the vacuum chamber during sputtering oxidizes the sputtered material, whereas changing the forward rf power ratio of the two magnetrons controls the molar ratio of the two oxides, thus engineering the optical constants of the deposited film. X-ray diffraction was performed after all depositions to verify that amorphous films resulted in all cases. Figure 2 shows the x-ray diffraction for three film mixtures that are free of Bragg peaks, which indicate a free-crystalline signature of the films.
The deposition chamber was cylindrical (80 cm in height and 70 cm in diameter) that was equipped with two rf magnetrons. All depositions were performed at room temperature with a base pressure of the order of 10
Ϫ7
. The purity of the targets was 99.94% for tantalum and 99.999% for titanium. Gas flow of 5 and 30 cubic centimeters per minute at STP (SCCM) for argon and oxygen, respectively, were used for all depositions. The glass substrates were cleaned in an ultrasonic bath with acetone, then methanol, and finally with distilled water just before deposition. Deposited films were thick enough (400 -1000 nm). First, thicker film provides more extremes in the transmission spectra and thus more accuracy to extract the film thickness and the real refractive index. Second, it ensures the waveguide's first mode excitation by passing the cutoff thickness for the 632.8-nm wavelength. We achieved waveguided mode excitation by etching a shallow holographic grating on the substrate before the deposition and designed the period of the gratings to ensure excitation with the 632.8-nm wavelength; Fig. 3 shows the waveguided mode excitation. The main equation that governs the mode excitation (also the spatialspectral filtering processes for the optical resonant filter) is given by
where is the Bragg coupling coefficient and increases with the grating depth, is the wavelength, ⌳ is the gratings' period, is the angle of incidence, m Table 1 . (b) X-ray diffraction for the first titania-tantalum pentoxide sample in Table 2 . (c) X-ray diffraction for the first silicatantalum pentoxide sample in Table 3 .
is the order of diffraction, and n* is the waveguide effective refractive index. Equation (1) indicates a hyperbolic relation between the spectral (the parameter) and the spatial (the parameter) filterings. The spectral gap between the lower and the upper parts of the hyperbolic curve is a function of the Bragg coupling factor and the wavelength . If is relatively high, realized by deep gratings, it is evident that at normal incidence Eq. (1) can be satisfied by two wavelengths. In contrast, a shallow grating with relatively low produces one sharp resonance wavelength at normal incidence. This is obvious when is set to zero, and the excitation condition in Eq. (1) reduces to a linear one that is satisfied at normal incidence by a single wavelength:
To fabricate the gratings, we used the interference of a two coherent deep-ultraviolet beams from a Ar ϩ laser with 257.2-nm-wavelength radiation to print the gratings in SPR505 photoresist (from Shiply) film. Adjusting the angle of interference of the two deep-ultraviolet beams controls the gratings' period; Fig. 4 shows the deep-ultraviolet exposure setup for the gratings' patterning. To obtain the gratings' formation we developed the exposed photoresist and then hard baked it to increase its etching resistance. We noticed that, when preparing the gratings on the BK7 glass substrate and etching with CF 4 to transfer the grating formation to the glass substrate, the etching rate in the glass was very low (1-2 nm͞min) compared with that rate in the hard-baked photoresist (20 -30 nm͞min), which met our need to produce shallow gratings for coupling only and not to significantly perturb the waveguide film.
Microwave (MW) power was applied to the oxygen that was fed to the vacuum chamber in the TiO 2 -SiO 2 depositions. Using MW produces waveguides with relatively lower optical losses, as indicated in Table  1 . This is not surprising because MW power produces more ionization for the oxygen and, consequently, better oxidizing of the sputtered material and less titanium content in the film. Systematic study of how MW ionization of oxygen affects the waveguide quality will be the subject of separate research. After the film was deposited, the trans- mission spectra were measured and fitted, a UV-IR spectrometer was used to obtain the transmission spectra, which was later fitted with respect to the real refractive index and the thickness of the deposited thin film. Figure 5(a) shows the fitting results for the film of the tantalum oxide-titania mixture; the 0.0051 error is the rms value of the difference between the data and the fit. The small mismatch between the data and the fit can be attributed to ignoring the effects of dispersion and the film optical losses when we performed the fitting. The wavelength range of the transmission-spectra measurements was determined where the film op- (Fig. 3) , and the power decay along the excited waveguide plane was measured and recorded with the corresponding position by a sliding fiber. Figure 5(b) shows the power decrease along the path of the excited Ta 2 O 5 -SiO 2 waveguide (solid curve) and the first-order exponential decay fit (dashed curve) that was made to extract the optical losses. The rms difference between the data and the fit for this particular sample was 0.0022. The error in extracting the optical losses, real refractive index, and deposition rate (or the film thickness) was expressed as the difference between the two points in the fitting parameter(s) (i.e., optical losses, real refractive index, and the film thickness) where the minimum error of fitting is doubled. Tables 1-3 show an overview of all depositions' settings and the resulting film optical constants, thicknesses, and corresponding errors that were extracted by the procedures described above. The optical losses shown here were considerably high because they were measured at the 632.8-nm wavelength. For the optical communication wavelength of 1550 nm, the optical losses can be lower by a factor that is as great as 36 because the optical losses are dominated by the scattering losses that are proportional to Ϫ4 . Figure 6 shows the normalized optical power detected in the fiber-sliding setup. The upper solid curve corresponds to the annealed sample, the dashed-dotted curve corresponds to the exponential decay fit of the annealed sample, and the dashed curve corresponds to the as-deposited sample. The normalized power axis was represented in a logarithmic scale for comparison purposes. Table  4 summarizes all the results of the optical losses before and after annealing for five waveguide composites.
The annealing was done in air with a 10°C/min ramp up and held at 450°C for 1 h, and then the samples were left for cooling by our opening the oven's door. As expected, annealing decreases the optical losses for all annealed waveguides. The enhancement of optical losses by annealing was as high as 5.3 dB/mm for the Ta 2 O 5 waveguide and as low as 0.4 dB/mm for the TiO 2 SiO 2 waveguide. The silica-titania mixture showed relatively low optical losses from the beginning 1.4 dB/mm in that MW power was used in those particular depositions. The waveguide optical losses were further improved by annealing to 1.0 dB/mm.
The effect of annealing can be observed clearly from the highly sensitive shift of the resonance wavelength and the full width at half-maximum reduction of the optical resonant filters. A detailed description of the optical resonant filters' fabrication technology can be found in Ref. 9 . Figure 7 (a) shows the optical setup that was prepared to characterize the transmission spectra of the fabricated filters. The spatial filter that is made from an objective with 5-mm focal length and a fiber with a 60-m core diameter provides 0.006 rad of spatial-filtering width, which is acceptable to characterize the filter's spectral behavior separately. Figure 7(b) shows the transmission spectra for a resonant filter that is made of a titania waveguide. A clear decrease in the spectral-filtering width with a deeper resonance minimum in the transmission spectra after the filter was annealed at different temperatures can be attributed to decreasing the optical losses, whereas, the resonance wavelength shift can be attributed to the change in the optical properties of the waveguide film. A different optical resonant filter that is made of a TiO 2 -SiO 2 waveguide was characterized by our measuring the transmission spectra just after fabrication, then after two weeks of 80% relative humidity exposure, and finally after annealing, as shown in Fig. 7(c) . No change in the transmission spectra was observed after the change that is associated with annealing. For this particular filter, the grating was relatively deep, which produces a strong Bragg coupling between the forward and the backward waveguide propagating modes; thus two resonance wavelengths appeared at normal incidence as is evident from Eq. (1). A clear shift and degradation of the filter performance can be attributed to an unstable composition of the waveguide film that is inherited from the sputtering process with the humidity exposure, resulting in changes in the optical and physical properties of the waveguide film.
The change in the optical resonant filter's transmission spectra after annealing can be attributed to the reordering of the material atoms and molecules by breaking of unstable bonds and establishment of other stable ones. It may even slightly change the material composition of the film by releasing gas molecules from the film that were trapped during deposition and by oxidizing the nonoxidized sputtered material. Fig. 6 . Measurements of Ta 2 O 5 ϪSiO 2 waveguide optical losses before and after annealing; the dashed curve is the measured optical losses before annealing, the solid curve is the measured optical losses after annealing, and the dashed-dotted line is the fit of the measured optical losses after annealing. 
Conclusion
In this paper rf sputtering of three different two-oxide mixtures have been investigated for the optical thinfilm technologies and proven to provide a relatively wide range (1.42-2.45) for the real refractive index when one mixes silicon dioxide with either titania or tantalum pentoxide. The 1.42 real refractive index corresponds to silica film, which is not a waveguiding film when deposited on a BK7 glass substrate with index 1.51, whereas the 2.45 real refractive index corresponds to titania films. Titania-tantalum pentoxide films produced a smaller range with a relatively high real refractive index in all mixtures. We also conclude that TiO 2 -SiO 2 films produce, with the assistant of MW power, both a wide range of real refractive indices (1.42-2.45) and relatively lower optical losses 0.5 -1.6 dB/mm at the 632.8-nm wavelength, which are expected to be much lower at the 1550-nm communications operating wavelength. Annealing, as expected, enhances the optical properties of the deposited films. Measuring the waveguide optical losses before and after annealing confirmed this effect. The enhancement was further confirmed when one compares the resonance width in the transmission spectra of the optical resonant filters before and after annealing. Annealing did not show significant optical property enhancement for films made of a TiO 2 -SiO 2 mixture in which MW power was used for ionizing the oxygen during deposition, but it did show a healing effect against the degradation and the instability that is inherited from the sputtering process and the exposure to relatively high humidity. 
